The use of plasmon coupling in metal nanoparticles has shown great potential for the optical characterization of many biological processes. Recently, we have demonstrated the use of ''plasmon rulers'' to observe conformational changes of single biomolecules in vitro. Plasmon rulers provide robust signals without photobleaching or blinking. Here, we show the first application of plasmon rulers to in vivo studies to observe very long trajectories of single biomolecules in live cells. We present a unique type of plasmon ruler comprised of peptide-linked gold nanoparticle satellites around a core particle, which was used as a probe to optically follow cell-signaling pathways in vivo at the single-molecule level. These ''crown nanoparticle plasmon rulers'' allowed us to continuously monitor trajectories of caspase-3 activity in live cells for over 2 h, providing sufficient time to observe early-stage caspase-3 activation, which was not possible by conventional ensemble analyses.
S
ingle molecule imaging has enabled the exploration of biomolecular dynamics and has revealed processes at work that are lost by extrapolation of ensemble assays (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . During the past few decades, optical single-molecule techniques such as single-fluorophore tracking (4, 5) and single-molecule fluorescence resonance energy transfer (1, (6) (7) (8) have proven to be effective tools for such purposes and have provided new biological information related to enzyme activity (6) ; transcription (7); protein dynamics (8); identification of rare intermediates and kinetic heterogeneity during RNA folding (5, 9) ; and RNAprotein interactions (10) . Despite recent advances, however, most studies rely on biomolecules either immobilized on substrates or confined in a matrix, and observation of singlemolecule behaviors inside live cells remains challenging (11) (12) (13) (14) (15) . The inherent limitations of molecular dyes for single-molecule imaging, including low signal intensities, complex blinking phenomena, and photobleaching, are even more pronounced in live cell studies (16) . Specifically, the fast photobleaching (less than a minute) of fluorescent dyes (17) hinders the ability to continuously monitor signaling pathways that transpire on the time scale of hours. New fluorophores such as green fluorescent proteins (GFPs) and quantum dots (QDs) have led to significant improvements (18, 19) . For example, GFPs can be expressed as chimeras with a protein of interest to study subcellular localization in live cells, but are still prone to photobleaching (18) . QDs show less bleaching, but blinking can make the interpretation of single-molecule data obtained with QDs ambiguous (20) . Recent advances suggest that blinking can be controlled, but there are still remaining issues, such as a broad photoluminescence spectrum and biocompatibility (21) (22) (23) .
We recently reported an alternative imaging technique using gold nanoparticle plasmon rulers for the optical readout of in vitro single-DNA hybridization and cleavage kinetics (24, 25) . Because gold nanoparticles effectively scatter visible light and do not suffer from blinking or photobleaching (26) , they have great potential to provide the highly enhanced signal intensity required for single-molecule detection and greatly extend the observation time for monitoring biological processes in living cells (27) . To test this hypothesis, we chose caspase-dependent apoptotic signaling as a case study because apoptosis is an important biological process for maintaining homeostasis and function of the immune system and is highly related to various autoimmune diseases and cancer (28) . Previous studies with ensemble techniques have shown that the activation of caspase-3 through the apoptotic signaling pathway can take from several minutes to hours (29) . The long time-scale of these signaling events has made them difficult to measure continuously at the single-molecule level with established techniques. Here, we show an in vivo application of plasmon rulers in a study of caspase-3 signaling at the single-molecule level in living cells. The signal provided by these plasmon rulers allowed continuous observation of caspase-3 activation for over 2 h, unambiguously identifying early-stage activation of caspase-3 in apoptotic cells.
Results and Discussion
Design and Synthesis of Crown Nanoparticle Plasmon Rulers. To apply the plasmon rulers to in vivo cell signaling, it is necessary to construct a nanoparticle assembly that provides a very clear signal at the single-molecule level in the highly heterogeneous and high-background scattering environment of live cells. For the design of such an assembly, it is important to recall that the polarizability, and hence the light-scattering intensity, for a pair of particles in close proximity (within one diameter) is significantly greater than that of 2 separate particles (24, 25) . In fact, this applies to assemblies where the particle is surrounded by several others. Here we find, for instance, that a crown nanoparticle assembly with a core 40-nm particle surrounded by 5 others (Fig. 1 A and B) scatters light Ϸ44ϫ more intensely than a single particle, along with a substantial spectral red shift (⌬ ϭ 75 nm) ( Fig. 1 C and D; supporting information (SI) Fig. S1 ). For this reason, we developed a series of crown nanoparticle plasmon rulers for this in vivo study of caspase-3 activation (Fig. 1B) . These assemblies are linked together by peptides containing the DEVD sequence via NeutrAvidin-biotin and Au-thiol chemistries (SI Methods). It is well known that caspase-3 cleaves the DEVD sequence most efficiently; therefore, caspase-3 cleavage of one of the DEVD peptides (30) in the crown nanoparticle is expected to result in an immediate reduction in light-scattering intensity. Recent reports also suggest that other caspases can exhibit some activity for DEVD (31) . Although the cleavage activities of caspase-6, 8, and 10 to this substrate are negligible (25 Ϫ10 3 times less active) compared with caspase-3, caspase-7 cleaves DEVD with similar efficiency. To minimize such crossreactivity, we used a cell line in which caspase-7 is not expressed at the mRNA level. In addition, we inserted a glycine residue at the P1Ј site, which is known to be optimal for caspase-3 cleavage activity. The use of a substrate containing a peptide bond avoids selectivity issues that have been observed with substrates containing activated amide bonds, such as aminocoumarin and para-nitroanilide (32, 33) .
In Vitro Studies and Analyses of Enzymatic Kinetics. We first investigated the capabilities of the crown nanoparticles to detect caspase-3 activity under in vitro conditions. The NeutrAvidinfunctionalized crown nanoparticles were immobilized on the biotinylated surface of a glass flow chamber ( Fig. 2A) . The scattering color and intensity were monitored under a dark-field microscope with a 100-watt tungsten lamp for illumination. Upon addition of caspase-3 (250 ng/mL), initial intense redcolored spots (Fig. 2B ) gradually turned into yellow and then dim green spots as time elapsed (Fig. 2 C and D) . Consistent with these observations, stepwise spectral blue-shifts in the scattering spectrum of a single-crown nanoparticle were detected due to sequential loss of satellite nanoparticles by caspase-3-mediated peptide cleavage (Fig. 2E) . Single-particle trajectories of the scattering intensity recorded by electron-multiplying chargecoupled device (EMCCD; temporal frequency: 120 Hz) also show a stepwise decrease in the scattering intensity corresponding to each individual proteolytic event (Fig. 2F and Movie S1).
To analyze the kinetics of cleavage by caspase-3, each proteolytic event was counted (n ϭ 300) and plotted as a function of time (Fig. S2) . The cumulative probability was calculated by dividing the number of cleavage events up to a given time, by the total number of cleavage events observed during the experimental time-course (Fig. 2G) (34) . Control experiments either in the absence of caspase-3 or with crown nanoparticle probes constructed from a peptide lacking the DEVD sequence showed only minimal cleavage (Fig. S3 ).
Intracellular Delivery and Distribution of Plasmon Rulers. The in vitro experiments showed that the crown nanoparticles could be used to monitor caspase-3 activity and were modified for live cell experiments. To deliver the NeutrAvidin-functionalized crown nanoparticle probes inside of cells, they were conjugated with a biotinylated form of the cell penetration peptide, TAT. Either HeLa or SW620 cells were incubated with the TAT-modified crown nanoparticle plasmon rulers for 12 h to allow sufficient time for loading into cells, and then imaged with a dark-field microscope. The background scattering from the cell details its boundary, and the bright red spots inside suggest successful Initially, the crown nanoparticle exhibited a scattering peak maximum at 654 nm (red). Gradually, blue shifts were observed as time elapses, corresponding to the sequential cleavage of satellite nanoparticles. ( F) Single-crown nanoparticle intensity trace as a function of time. The trajectory was recorded at a temporal resolution of 100 Hz by using an intensified CCD detector. Stepwise-intensity drops were observed, which correspond to the sequential satellite nanoparticle cleavages. (G) Determination of rate constant using crown nanoparticle rulers as a substrate. The cumulative probability of cutting is shown as a function of time. Fitting the curve yielded first-order rate constant k. Using k and literaturereported K m, kcat was calculated to be 6.17 s Ϫ1 .
delivery of the plasmon rulers ( Fig. 3 A and B) . Without TAT modification, there was no indication of the nanoparticle delivery inside cells (Fig. S4) ; however, some of the nonspecifically bound plasmon rulers were seen on the culture plate at a high dose of nanoparticles (Fig. S5) .
Though definitive proof of cytosolic localization of the gold nanoparticles awaits further experimentation, their subcellular distribution can be inferred from the following: TAT peptides release a wide range of cargos, such as gold nanoparticles, from endosomal compartments following endocytosis (35) . SW620 cells were incubated with the TAT-conjugated crown nanoparticles for 12 h to provide time for TAT-mediated endosomal escape. The nanoparticles that remain endosomally trapped will eventually fuse with lysosomes, which are not accessible to caspase-3 (36) . The apoptotic inducer used in this study has been shown to permeabilize lysosomal membranes, facilitating the release of proapoptotic cathepsins (37) . Therefore, the efficiency of our cytosolic delivery might be a function both of TATinduced endosomal escape and lysosomal permeabilization during apoptosis. The caspase-3-mediated cleavage events described subsequently suggest that most crown nanoparticles are cytosolic.
The scattering signals from the plasmon rulers are highly intense compared with the background scattering from the cell, allowing continuous imaging at rates up to 250 Hz with an EMCCD. In addition, the scattering signal lasts more than Ϸ8 h under continuous illumination of visible light, with no signal decrease in healthy cells. The highly intense and stable scattering properties of crown nanoparticles should allow the detection of single-particle trajectories with high temporal resolution during caspase-3 activation.
Ensemble Assay of Caspase-3 Activity in Live Cells. Before investigating caspase-3 activity in live cells with the crown nanoparticle plasmon rulers, we first measured caspase-3 activity in cells via conventional noncontinuous fluorescence-based ensemble techniques. SW620 cells were treated with the apoptotic inducers, tumor necrosis factor-␣ (TNF-␣), and cycloheximide (CHX). SW620 cells were chosen because caspase-7, the major competitor for the DEVD sequence, is absent in SW620 cells at the mRNA level (http://biogps.gnf.org/#goto ϭ welcome). In addition, it is well documented that SW620 cells are resistant to death receptor-induced apoptosis and exhibit low levels of caspase-3 activity upon addition of death receptor agonists (38) . We reasoned that low levels of caspase-3 activity would be an excellent test of the single-molecule sensitivity of the crown nanoparticles. To confirm the resistance of SW620 cells to death receptor-mediated apoptosis, we used ensemble analyses with peptide substrates containing the DEVD sequence. Analysis of caspase activity with a luminescent assay (Caspase-Glo 3/7; Promega) showed almost no caspase-3 activity in cell lysates 4.5 h after the addition of TNF-␣/CHX. In fact, death receptorinduced caspase-3 activity was detectable only after 23 h (Fig.  3C) . To investigate caspase-3 activity on a cell-by-cell basis, we also performed flow cytometry with a cell-permeable fluorescent DEVD substrate. Consistent with the in vitro data, only a small percentage of cells show high levels of caspase-3 activity (labeled III in Fig. 3 ; fluorescence intensity between 10 2 and 10 3 ) 23 h after addition of TNF-␣/CHX (Fig. 3D, III, and Figs. S6 and S7). Interestingly, at early time points, an unknown shoulder peak also appears (labeled II) and then decreases gradually (Fig.  3D, II) .
In Vivo Plasmon Rulers for Imaging of Caspase-3 Activation. Use of the crown nanoparticle plasmon rulers allows continuous observation of caspase-3 activation at the single-molecule level, and provides a clearer understanding of the origin of the shoulder peaks in the flow cytometry and the early-stage caspase-3 activation. Some crown nanoparticles exhibited sudden intensity drops after a short period (30 min and 100 min) following the addition of TNF-␣/CHX (Fig. 3 E-G and Movie S2), which correspond to the cleavage of satellite nanoparticles by activated caspase-3. Because caspase-3 is present predominantly in the cytosol, the observed cleavage of crown nanoparticles during apoptosis is consistent with cytosolic localization. However, some nanoparticles (Ϸ15%) do not show any signal reduction after addition of an apoptotic inducer. This is possibly due to residual endosomal trapping of a portion of the nanoparticle plasmon rulers. The peptide in our crown nanoparticle is a selective caspase-3 cleavage sequence and is unlikely to be cleaved by other endosomal proteases, such as papain-like proteases, because these proteases have been shown to be unable to degrade peptide substrates with P1 Asp (39). To verify that the sudden intensity changes of the crown nanoparticle probes were due to the caspase-3 activity, a number of control experiments were performed. In the absence of TNF-␣/CHX, virtually no changes in the scattering signals of the plasmon rulers were observed over the entire 2-h measurement period (Fig. 3 H-J) . As another control, we pretreated the cells with a cell-permeable caspase-3 inhibitor, z-DEVD-fmk, and activated apoptotic signaling by the addition of TNF-␣/CHX. No sign of cleavage was observed over the course of the experiment (Fig. 3 K-M) . In a separate experiment, we measured the behavior of the crown plasmon nanoparticle rulers that are nonspecifically bound on the cell culture plate. The scattering signal of these rulers remained unchanged upon addition of TNF-␣/CHX to cells (Fig. S5) . These findings suggest that caspase-3 is activated at early time points during death receptorinduced apoptosis, and this activation is barely detectable by currently available ensemble analyses.
Interestingly, unlike small molecular probes, the movement of crown plasmon rulers is minimal during the time course. It is well known that the presence of networks of cytoskeleton filaments restricts the diffusion of large particles in cells (39, 40) . Although there should be regional and cell-dependent differences, the size of void spaces (50-250 nm) is similar to that of plasmon rulers (Ϸ100 nm) (40, 41) . Their movement in the cytosol is hindered by such cytoskeletal sieving, and therefore they diffuse slowly. However, the cleaved satellite nanoparticles are smaller than the void size. Thus, upon cleavage, the freed individual particles can readily escape from the region of interest, which is defined as the diffraction limit (Fig. S8) . Such limited diffusion of our plasmon rulers in the cytosol enables facile interpretation of singleparticle trajectories with minimal signal perturbation by the probe movement.
Single-particle trajectories of the crown nanoparticle probes were obtained with an EMCCD enabling kinetic analysis of the enzymatic reaction in vivo and providing more details on early-stage caspase-3 activation. Fig. 4 A and B show the scattering intensity map of a whole cell labeled with crown nanoparticles and a representative time trace of a single crown nanoparticle probe upon addition of the apoptotic inducers TNF-␣/CHX, respectively (see also Figs. S9 and S10). Each cleavage event, represented by a sudden intensity drop in the time traces (Fig. 4B, arrows) , was counted independently for each particle in all cells (Fig. 4C) . Only minimal cleavage events were observed directly after the addition of TNF-␣/CHX, but after several minutes, the number of cutting events increased dramatically (Fig. 4 B and C) . The time lag (Ϸ16 min) between the addition of the TNF-␣/CHX and the majority of cleavage events is indicative of the induction time required for signaling events upstream of caspase-3 activation, such as initiator caspase-8 activation.
To further understand early-stage caspase-3 activation, we also analyzed the cleavage statistics of nanoparticles located inside 10 individual cells from the same group (Fig. S11) . Interestingly, we observed significant variations in the induction times between different cells in the same population, ranging from 15 to 50 min (Fig. 4D) . In addition, we found that differences in the induction time (labeled in Fig. 4C ) correlate with the time required for the majority of cleavages to occur (defined as cutting period and labeled in Fig. 4C) (Fig. 4E) . A longer cutting period was observed for cells exhibiting a longer induction time. Though the cutting period and induction time were correlated within a cell, variability in both measurements across cells in the same population reflect the heterogeneity in the resistance of cells to caspase-3 activation. Such findings are consistent with recent single-cell studies describing how cells in a group can exhibit different caspase-3 activation behaviors in response to the same apoptotic stimulus, and that such differences determine whether cells die or survive after a certain period (29, 42) . This variability is believed to be dependent on each cell's individual resistance to death receptor-induced apoptosis (29, 42) .
The crown nanoparticle plasmon ruler technique provides a new way of probing single-molecule activities in live cells. In this work, we have shown that crown nanoparticle plasmon rulers can be used for continuous observation of caspase-3 activity, establishing plasmon rulers as robust tools for single-molecule imaging in live cells. This would not be possible with conventional single-molecule imaging techniques, which are limited by much shorter continuous observation windows or discontinuous snapshot imaging. Caspase-3 activation kinetics were successfully analyzed at the single-molecule level. Although the present study probes only enzyme activity, the design of crown nanoparticle plasmon rulers with alternate peptides of interest will allow other dynamics such as conformational changes to be studied in live cells. Furthermore, by using different types of plasmon rulers in terms of nanoparticle composition, size, shape, and number of particles, it should be possible to realize multicolor imaging of different signaling molecules in live cells. This will allow the activity of different signaling effectors to be correlated within the same cell at the single-molecule level.
Methods
Reagents. Gold nanoparticles (40 nm) were purchased from Ted Pella Inc. and were ligand exchanged with P,PЈ-(bis-p-sulfonatephenyl)-PЈЈ-phenylphosphine (BSPP) according to a literature protocol (25) and then concentrated to 5 nM. Either biotin-GSEGGSESEDEVDGGSNSGGRLCC or biotin-CH 2CH2(OCH2CH2)6 DEVDG-GCH2CH2(OCH2CH2)12CC peptides were used as caspase-3 substrates and were purchased from New England Peptide Inc. HOOCCH 2(OCH2CH2)6 S-S(OCH2CH2)6-CH2COOH and biotin-CH2(OCH2CH2)6S-S(OCH2CH2)6-CH2-biotin were purchased from PolyPure Inc. and reduced by treatment with BSPP before use.
Optical Setup. Scattering images were taken using an Axioplan 2 upright microscope (Zeiss), with a dark-field immersion oil condenser. The microscope was modified by the addition of an iXon EMCCD detector (512 ϫ 512 pixel chip; Andor) on the imaging port of the SpectraPro 2300i spectrometer (Acton).
Synthesis of Crown Nanoparticles. Synthesis of NeutrAvidin (Ntv)-coated gold nanoparticles and peptide-conjugated gold nanoparticles are described in SI Methods. Fifteen microliters of Ntv-coated gold nanoparticles (1 nM) was added to 300 L of peptide-conjugated gold nanoparticles (5 nM). After an overnight reaction at 4°C, crown nanoparticles were separated from highly ordered aggregates and excess reactant nanoparticles via a sucrose-density gradient separation protocol with detection by UV-Vis absorption spectrometry.
In Vitro Single-Molecule Experiments. The glass flow chamber was modified with BSA-biotin (Roche) as described in the literature (23) . A dilute solution of crown nanoparticle plasmon rulers was flushed into the chamber. The chamber was equilibrated with T30 buffer (10 mM Tris, 30 mM NaCl) and then flushed with 200 L of 250 ng/mL caspase-3 in 10 mM phosphate buffer containing 50 mM NaCl. The scattering color images and intensities of the crown nanoparticle plasmon rulers in the field of view were continuously monitored by either a color camera (CoolSNAP cf; Roper Scientific) or an EMCCD. Also, we recorded the scattering spectra of individual crown nanoparticle plasmon rulers during caspase-3-mediated cleavage. For comparison, we used biotin-GSEGGSESEIETDGGSNSG-GRLCC peptide-conjugated crown nanoparticles.
Caspase-Glo 3/7 Assay. SW620 cells were maintained in DMEM, 10% FBS, 1ϫ glutamax, and 1ϫ penicillin/streptomycin. Four 96-well clear plates were seeded with 2 ϫ 10 4 SW620 cells/well for a seeding density of 6.25 ϫ 10 4 cells/cm 2 . Cells were allowed to attach overnight. On average, cells were at 30% confluency before addition of apoptotic inducer. Before induction, media was removed and replaced with the following reagents in SW620 growth media: 1 M staurosporine (0.1% final DMSO; Sigma, catalog no. S6942); 0.2 g/mL TNF-␣ (Invitrogen, catalog no. PHC3016) and 2 g/mL cycloheximide (CHX) (1% final DMSO; Sigma, catalog no. C4859); or vehicle controls with matching concentrations of DMSO. A total of 12 replicates were performed. At 23 h, 4.5 h, 100 min, and 30 min after addition of apoptotic inducer, Caspase-Glo 3/7 Reagent (Promega) was added to all wells in a 1:1 ratio following manufacturer's instructions. After 10 min on a plate shaker at room temperature, 90% of the lysate volume was transferred to a 96-well solid-white plate (E&K Scientific, catalog no. EK-25075). Cell lysates were analyzed with an Analyst HT microplate reader (Molecular Devices), and data points were blank subtracted.
Flow Cytometry. A 6-well plate was seeded with 5.7 ϫ 10 5 SW620 cells/well for a seeding density of 6 ϫ 10 4 cells/cm 2 . Cells were allowed to attach overnight. On average, cells were at 30% confluency before addition of apoptotic inducer. Addition of apoptotic inducers was performed as described previously. At 23 h, 4.5 h, 100 min, and 30 min after addition of apoptotic inducer, media was removed from all wells. To recover caspase-3-positive cells that might have detached during the time course, cells from the media were harvested by centrifugation at 1,000 RCF for 5 min and combined with cells recovered from the plate. The cells on the plate were detached using TrypLE Express (Gibco, catalog no. 12604 -013) following manufacturer's instructions. After harvesting by centrifugation, supernatant was removed and cells were resuspended in 75 L of PhiPhiLux G1D2 (OncoImmunin, catalog no. A304R1G). This reagent contains a peptide with the sequence DEVD-GI that is homodoubly labeled with a fluorophore (ex ϭ 505 nm; em ϭ 530 nm). Cells were incubated at 37°C, 5% CO2 for 1 h. Following incubation, 1 mL of flow cytometry dilution buffer (OncoImmunin) was added to each tube, and cells were harvested by centrifugation. Following supernatant removal, cell pellets were loosened by gently flicking, resuspended in 1 mL of flow cytometry dilution buffer, and transferred to 12 ϫ 75-mm polystyrene round-bottom test tubes (BD Biosciences, catalog no. 352054). 2 ϫ 10 4 cells were analyzed with a Beckton Dickinson FACSCalibur cytometer. Unstained cells (not loaded with substrate) were adjusted to the first decade of the FL1 channel, and data analysis was performed with FlowJo version 7.2.4. To facilitate analysis of the shoulder peaks, the major peak of each histogram (located between fluorescent intensity of 10 1 to 10 2 ) were overlaid and plotted in Fig. 3D .
Single-Molecule Imaging of Caspase-3 Catalytic Reaction in SW620 Cell Lines.
Crown nanoparticles (Ϸ0.15 pmol) were treated with 4.5 pmol of biotinylated TAT peptides for 1 h. Then, the TAT-conjugated nanoparticles were mixed with 2 mL of culture media. SW620 cells were incubated with the nanoparticle solution for 12 h. The cells were washed with 2 mL of SW620 growth media 3 times. The cells were treated with 0.2 g/mL of TNF-␣ and 2 g/mL of CHX and continuously monitored by either color camera (CoolSNAP cf; Roper Scientific) or an EMCCD (scan speed: 100 images per min) for 2 h.
